Human papillomaviruses (HPV) are causative agents in a variety of human diseases; for example over 99% of cervical carcinomas contain HPV DNA sequences. Often in cervical carcinoma the HPV genome is integrated into the host genome resulting in unregulated expression of the viral transforming proteins E6 and E7. Therefore viral integration is a step toward HPV-induced carcinogenesis. Integration of the HPV genome could occur following double-strand DNA breaks that could arise during viral DNA replication. We investigated the fidelity of HPV 16 E1-and E2-mediated DNA replication of non-damaged and UVC-damaged templates in a variety of cell lines with different genetic backgrounds; C33a (derived from an HPV-negative cervical carcinoma), XP30RO (deficient in the by-pass polymerase (pol)), XP30 (expressing a restored wild-type pol), XP12RO (nucleotide excision repair defective), and MRC5 (derived from a 14-week-old human fetus). The results demonstrate that the fidelity of E1-and E2-mediated DNA replication is reflective of the genetic background in which the assays are carried out. 
Human papilloma viruses (HPVs) 1 are small doublestranded DNA tumor viruses that are causative agents in a variety of human diseases. Over 99% of cervical carcinomas contain HPV sequences; these are of the high-risk type with HPV16 being the most common. The low risk HPVs are causative agents of genital warts, and HPV6/11 are the most commonly found in this disease (1) . HPVs are maintained as episomal circular DNA molecules in infected cells and are replicated by the viral proteins E1 and E2 (2, 3) . The E2 protein forms homodimers and recognizes and binds to 12bp palindromic DNA sequences in the transcriptional control region of HPV (4) . E2 can then regulate transcription from the adjacent promoter that controls the expression of the HPV oncogenes E6 and E7; E2 can either activate or repress transcription depending upon E2 protein levels and the cell type (5, 6) . As well as regulating transcription E2 is also essential for replication of the viral genome; there are three E2 DNA binding sequences surrounding the viral origin (ori) of replication and a physical interaction between E2 and E1 results in recruitment of E1 to the ori sequence (7, 8, 9) . Following recruitment by E2 the E1 protein interacts with the ori DNA sequence and then forms a hexameric complex required for replication of the viral genome by virtue of its helicase activity (10) . E1 is known to interact with subunits of DNA polymerase-␣ and with components of the Swi/Snf complex in order to activate DNA replication (11, 12) .
In many HPV-induced cervical cancers the HPV genome is found integrated into the host genome. This integration usually deletes the coding sequence for the E2 protein and results in elevated expression of the viral oncoproteins E6 and E7 (13) . It is proposed that increased E6 and E7 levels are involved in progression toward carcinoma. Therefore the loss of episomal status of the HPV genome is an important step on the way to carcinogenesis. The integration is a result of non-homologous recombination and we set out to investigate HPV16 E1/E2-mediated DNA replication to determine if this would provide potential mechanisms that would explain HPV genome integration.
Previous studies on the quality of SV40 large T-mediated DNA replication have demonstrated that large T replicates DNA with background mutation frequencies ranging from 1% down to 0.04% depending upon the cell system and the plasmid to be replicated, and the reporter gene used to measure the mutation frequency (14, 15) . In contrast, replication by the EBV protein EBNA1 has much lower mutation frequencies that are more reflective of those observed for mammalian cell replication (16) . The major difference between the large T and EBNA1 replication is that the latter initiates replication only once per cell cycle as the replication is under the control of the host origin recognition complex (ORC) (17) , while large T initiates replication more than once per cell cycle (18) . It is known that HPV E1/E2-mediated replication initiation can also occur more than once per cell cycle (19) , however the fidelity of E1/E2-mediated replication is unknown. In many HPV lesions there are episomal genomes that either contain multiple insertions/deletions (20) or single deletions (21, 22, 23, 24) . The mechanisms responsible for these rearrangements could also lead to chromosomal integration of viral sequences resulting in progression to cancer.
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occurs following the generation of linear HPV genomes, followed by non-homologous recombination. Double-strand DNA breaks in HPV genomes could be generated during replication, particularly if the DNA is damaged resulting in the collapse of replication forks. Therefore we set out to investigate the ability of E1/E2 to replicate both non-damaged and UVC-damaged templates in a variety of genetic backgrounds to provide insights into the mechanisms that contribute to the insertion of the HPV genome into that of the host. The results demonstrate that E1/E2 replicate DNA with fidelity similar to large T and that the mutation frequency is reflective of the genetic background of the cell. These results raise the possibility that aberrant E1/E2-mediated DNA replication might provide substrates for insertion of the viral genome into the host genome.
MATERIALS AND METHODS
Cell Culture-MRC5 cells immortalized with SV40 were obtained from Cancer Research UK. XP30RO(sv) (XPV) cells, and their complementation to make XP30RO-pcDNA3.1-pol cells, has been described (25) . XP12ROSV40 (XP-A) cells have been previously described (25) . The designations of the cell lines are abbreviated to MRC5, XP30, XP30, and XP12, respectively in this article. MRC5, XP30, and XP12 cells are SV40-transformed skin fibroblasts. C33a is an HPV-negative cervical carcinoma cell line. All cells were grown in Dulbecco's modified Eagle's medium (Invitrogen) in 10% fetal calf serum and were routinely passaged every 3-4 days. The XP30 cells were also maintained in 100 g/ml of Zeocin (Invitrogen) to maintain selective pressure for the DNA encoding the wild-type DNA polymerase .
Plasmid Construction-pOri16Lac was created by PCR amplification of the HPV16 Ori PCR from the pOri16 M plasmid (26) and this was inserted into the pCR2.1 vector (Invitrogen) as a BglII fragment. The HPV16 E1 and E2 expression plasmids (pCMV-E1 and pCMV-E2) have been described previously (27) .
DNA Damage-pOri16Lac DNA was diluted to 50 ng/l and placed on a plastic Petri dish. The DNA was then either mock-irradiated or irradiated with 1600 J/m 2 of UVC at 254 nm using a Spectrolinker XL1500 (Spectronics Corporation).
Transient DNA Replication Assay-C33a cells were plated out at 6 ϫ 10 5 in 100-mm dishes, MRC5, XP30, XP30, and XP12 cells were all plated out at 3 ϫ 10 5 in 100-mm dishes. The next day plasmid DNA was transfected using the calcium phosphate method, each transfection was done in duplicate. Three days post-transfection low molecular weight DNA was extracted using the Hirt method. Briefly cells were lysed in 800 l of Hirt solution (0.6% SDS, 10 mM EDTA) and scraped into a 1.5 ml microcentrifuge tube. 200 l of 5 M NaCl was added, and the samples were then left at 4°C overnight. After centrifugation, 30 min at 4°C, they were extracted once with phenol-chloroform-isoamyl alcohol and precipitated with ethanol. Following centrifugation the DNA pellet was washed with 70% ethanol, dried, and the DNA from each pair of duplicate transfections was pooled and resuspended in a total of 100 l of water.
Southern Blot-42 l of sample were digested with DpnI and XmnI overnight to reveal linear-replicated pOri16Lac at 4.2 kb. Digested samples were separated by 1.0% agarose gel electrophoresis and analyzed by Southern blotting. Blots were probed using either a 700-bp HPV16 ori-containing fragment released from pOri16M by PvuII restriction digest or the 200-bp HPV16 ori released from pOri16Lac by BglII digestion. The fragments were then radiolabeled with 32 P using the Stratagene prime-it II kit. Blots from XP30 and XP30 cells were probed using the specific 200-bp probe, the larger probe detects the chromosomal integrated plasmid sequences present in XP30 cells (the plasmid encodes the polymerase (pol) gene). C33a, MRC5, and XP12 blots were probed using the 700-bp probe as this provides a greater signal. Blots were hybridized using Quikhyb solution (Stratagene). Blots were washed to 0.1ϫ SSC and developed using a Storm 840 Molecular Dynamics PhosphorImager (Amersham Biosciences).
DNA Mutagenesis Analysis-42 l of sample were digested overnight with DpnI to remove unreplicated pOri16Lac, the sample was then extracted once with phenol-chloroform-isoamyl alcohol, precipitated with ethanol, and washed with 70% ethanol. The DNA was resuspended in 3 l of water and electroporated into DH10B bacteria (Invitrogen), and plated onto kanamycin LB agar containing 100 g/ml X-gal (Sigma). The ␣-complementation between the LacZ gene on pOri16Lac and the deleted LacZ in DH10B means that DH10B carrying pOri16Lac with a wild-type LacZ are blue, and those pOri16Lac with mutations in LacZ are light blue/white. Selected colonies were picked and grown overnight and re-streaked on the same medium to confirm the phenotype. Plasmid DNA was prepared using small-scale alkali lysis miniprep system (Qiagen), and samples eluted in 50 l. 5 l of DNA was digested with BamHI, then subjected to 1% agarose gel electrophoresis to highlight plasmid rearrangements.
DNA Sequencing-To ensure that the white colonies selected were truly mutant ϳ5 l (500 ng) of DNA was used to sequence the LacZ promoter and coding sequence using the Big Dye terminator kit on ABI 3100 genetic analyzer (Applied Biosystems).
RESULTS

Low Fidelity DNA Replication by E1 and E2 in the Cervical
Carcinoma Cell Line C33a-To measure the fidelity of DNA replication the HPV origin of replication from pOri16 M was inserted into the BglII site of pCR2.1 to form the vector pOri16Lac (Fig. 1a) . The intact LacZ␣ gene was used in subsequent experiments to measure the quality of the DNA replication; when replicated DNA is rescued into DH10B Escherichia coli those replicated pOri16Lac molecules that have mutations in their LacZ␣ gene result in light blue or white bacterial colonies. HPV replication assays are routinely carried out in the cervical carcinoma cell line C33a as this line has no HPV sequences and therefore no endogenous viral proteins that can interfere with the function of HPV E1 and E2 proteins. In these transient DNA replication assays the plasmid to be replicated, in this case pOri16Lac, is co-transfected with plasmids that express the E1 and E2 proteins. The E1 and E2 proteins then bind to the viral origin of replication in pOri16Lac and induce DNA replication of the plasmid. We carried out a replication assay in C33a cells, and the results of this experiment are shown in Fig. 1b . The upper band represents the replicated molecules, and it is clear that replication only occurs in the presence of E1 and E2. The lower bands on the blot represent the input plasmids as the probe used in this blot will also recognize the E1, E2, and pCMV plasmids as well as the origin containing plasmid. In lane 2 the larger of the lower bands represents the E1 expression vector (5 g are used in these experiments), and this is not detected in lane 1 as no E1 expression vector is present in the cells. To measure the fidelity of replication parallel experiments were carried out and the replicated molecules electroporated into DH10B and scored for the number of blue and white colonies. This experiment was carried out three times, and the cumulative results are shown in Table I . The mutation frequency detected was rather high, being 4.10 ϫ 10 Ϫ3 . We wanted to determine what types of mutations were present in the mutant plasmids and to do this we prepared plasmid DNA from the transformed bacteria and digested them with BamHI. This would be predicted to generate bands of 2.9 and 1.2 kb; however, as shown in Fig. 2 , this is not what was seen in most cases. There were clearly rearrangements responsible for the majority of the mutants; even those that appeared wild type showed substantial deletions or insertions upon sequencing (see below). These rearranged plasmids must have been caused by recombination. We next wanted to investigate the reason for the high mutation frequency observed with E1-and E2-mediated DNA replication in C33a cells. This could be because E1 and E2 are poor at replicating DNA, or perhaps because the mutation frequency is reflective of the cell line in which the assays were carried out. Indeed, C33a cells are a carcinoma cell line and previous work has demonstrated that this cell line has a replication error phenotype associated with microsatellite instability (28) . This could clearly affect the quality of replication mediated by E1 and E2. Therefore we set out to establish whether E1-and E2-mediated DNA replication is reflective of the genetic background in which the replication takes place or whether the replication by these HPV proteins is always of such poor quality.
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A System for Investigating the Fidelity of E1-and E2-mediated DNA Replication-Xeroderma pigmentosum (XP) patients have increased sensitivity to UV irradiation. This is due to a defect either in nucleotide excision repair (XPA-G) or, in socalled XP variants (XP-V), in pol (29) . Pol is a member of the Y-family of polymerases that are involved in trans-lesion synthesis (TLS) across DNA damage. Pol can replicate across cyclobutane pyrimidine dimers (CPD), in general inserting the "correct" nucleotides opposite the damaged bases (30) . In XP-V cells lacking pol there is an increased UV-induced mutation frequency in the cells following UV irradiation (31) , as an alternative, a less accurate mechanism has to be used by the cell to deal with replication past CPDs. Cell lines have been established from several XP patients by immortalizing primary fibroblasts using SV40 infection. XPV cell lines, and those expressing restored pol, have been used in SV40 replication assays to confirm that pol is indeed involved in the efficient replication of UV-irradiated SV40-based plasmid DNA (32) . We set out to establish whether this was also the case for E1/E2-mediated DNA replication and therefore we measured the fidelity of replication of both undamaged and UVC-damaged DNA in a variety of genetic backgrounds. We treated pOri16Lac with UVC irradiation using a Stratagene crosslinker. To ensure that the UVC-irradiated DNA to be transfected contains multiple DNA lesions we tested UVC-irradiated DNA in vitro for its sensitivity to T4 endonuclease V, an enzyme that nicks at CPD sites (see Fig. 3a ). These nicks would not be detectable on neutral agarose gels. However at high UV doses, there will be sufficient closely spaced damage on opposite strands to generate double strand breaks on treatment with T4 endoV, which would be detected as increased mobility on neutral gels. We found that doses greater than 400 Jm Ϫ2 result in loss of the intact 4.2-kb band, indicating that, above this doses, all plasmid molecules contained many UV lesions. We used 1600 J/m 2 UVC in all experiments described below To ensure that the damaged pOri16Lac transfected into the cells was not completely repaired by nucleotide excision repair 
(NER) prior to replication, undamaged, and damaged pOri16Lac DNA was harvested by Hirt extraction 3 days posttransfection. The experiment shown in Fig. 3b was carried out in C33a cells as these were initially used in the DNA replication studies as described in Fig. 1b . The DNA was linearized and digested with T4 endonuclease V as described in Fig. 3a , and demonstrates that Ͼ90% of the transfected UVC-irradiated DNA still contained multiple CPD lesions 3 days posttransfection (see Fig. 3b ).
Measuring the Amount and Fidelity of E1-and E2-mediated DNA Replication in a Variety of Genetic
Backgrounds-E1-and E2-mediated DNA replication assays were carried out with both non-damaged and UVC-damaged pOri16Lac in C33a cells, XPV cells (XP30), XPV cells with restored pol (XP30). As a control they were also carried out in MRC5 fibroblasts that have no defined genetic lesion and also with the nucleotide excision repair-defective cell line XP12 (from the XP-A group). In XP12 cells any damage on the template to be replicated will not be repaired prior to entry into S phase. These assays were carried out at least three times and Southern blots carried out to measure the amount of replication in each cell line with the UVC-damaged and non-damaged templates. A representative example of the Southern blots for each cell line is shown in Fig.  4 . As with Fig. 1b the upper band represents the replicated molecules and in all cases it is clear that replication only occurs in the presence of E1 and E2. In the MRC5, XP12, and C33a cells the probe used recognizes the origin containing plasmid and the input plasmids and therefore the lower bands represent the E1, E2, pCMV, and pOri16Lac plasmids. The largest of the input bands represents the E1-expressing plasmid, and this acts as an internal control to demonstrate that in both the damaged and non-damaged assays an equivalent amount of DNA was transfected and harvested from the cells. Of note is that in the MRC5 experiment there is less input plasmid detected, probably due to poorer transfection efficiency. However, clear replication can still be detected. Optimum levels of E2 for maximum DNA replication were used in all cell types (see Ref. 26) and therefore the results suggest that E1-and E2-mediated DNA replication is more efficient in MRC5 cells. An alternative probe was used in the XP30 and the XP30 blots as the probe used with the other cell lines recognizes the plasmid-expressing pol in XP30 making interpretation impossible. Therefore a probe that exclusively recognizes the HPV16 origin in pOri16Lac was used, and as a result the input bands are much fainter as this probe only recognizes the input pOri16Lac. The same probe was used in the XP30 and XP30 to allow direct comparison between the two cell lines. See "Materials and Methods" for a precise description of the two probes. In both MRC5 and C33a there was no apparent reduction in the amount of replication that is detected with the damaged template compared with the non-damaged. However, in all XP cell lines there was a clear reduction in replication of the damaged template. This may be expected in the XP30 and XP12 cells due to their genetic defects that hinder the response to DNA damage. However, restoration of pol, as demonstrated by XP30, does not significantly enhance the ability of this cell line to replicate damaged DNA.
It was important to monitor the quality of the replication occurring and this was done by rescuing the replicated templates into bacteria and counting the number of white colonies. This was done at least three times, and the total number for each cell line is shown in Table II . Several facts become apparent when studying this table. First, statistically all of the cell lines have insignificant differences in their background mutation frequency, apart from C33a cells where the number of mutants is significantly higher (p Ͻ 0.001). Second, damaging the template to be replicated with UVC significantly increased the numbers of mutants rescued in all cell types (p Ͻ 0.001). Third, restoration of pol to XP30 cells reduced the number of mutations observed around 3-fold demonstrating once more the FIG. 3 . Confirming that the UVC-irradiated plasmid is damaged. a, titration of in vitro UVC DNA damage. pOri16Lac was UVC-irradiated as indicated, then mock-digested, or digested with T4 endonuclease V to remove CPD. All samples were then linearized by XmnI digestion, and 100 pg of each sample was resolved on an agarose gel. DNA was visualized by Southern blot. b, UVC-irradiated DNA is still DNA-damaged 3-days post-transfection. Mock-or UVC-irradiated DNA was transfected into C33a cells, and 3-days post-transfection low MW DNA was harvested. DNA was treated and visualized as in a.
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role of this polymerase in the replication of UV-damaged DNA (p Ͻ 0.001). Fourth, upon restoration of pol the mutation frequency observed is no different from the MRC5 cell line. Fifth, the number of mutations observed in MRC5 upon replication of the damaged template is significantly lower than that observed in XP30, XP12, and C33a cells (p Ͻ 0.001). Sixth, damaging the template to be replicated with UVC significantly increased the numbers of re-arrangement mutants rescued in all cell types (p Ͻ 0.001). Seventh, the number of rearranged recombinant plasmids detected following replication of the UVC-damaged template are significantly increased in XP30, XP12, and C33a cells when compared with MRC5 (p Ͻ 0.001). Finally, the large increase in mutations observed in the XP12 cells following replication of the UVC-damaged template suggests that most of the damage on the template that will result in mutation is repaired using NER prior to replication of the template in S phase.
Summarizing the Replication of the Damaged and Non-damaged
Templates-To assist in the analysis of all of the results shown in Fig. 4 and tabulated in Table II we represented them graphically as shown in Fig. 5 . The average amounts of DNA replication observed with all of the cell lines with the damaged and non-damaged templates were quantitated using a Storm 840 PhosphorImager and the average of three experiments is shown in Fig. 5a . We also calculated the amount of replication, based on the number of plasmids recovered from the cells into E. coli. These are also shown in Fig. 5a and are qualitatively similar to the results obtained from the Southern blotting experiments. These data clearly shows a significant decrease in the amounts of DNA replication in XP12, XP30, XP30 following damaging of the DNA template. In C33a and MRC5 cells there was a relatively minor decrease in the amounts of replication detected with the damaged template. The total mutation results are shown in Fig. 5b , while the results for the recombinant rearranged plasmids are shown in Fig. 5c .
Sequencing of the Mutant Plasmids-To confirm that the white/light blue colonies selected contained mutant plasmids we selected 67 colonies for sequencing that did not show rearrangement following BamHI digest. Out of these 67, 61 had mutations in the coding or promoter sequence for lacZ, the majority of which were base substitution mutations (96%). Two showed poor plasmid replication in bacteria while containing wild-type lacZ, therefore these plasmids probably have defects in the bacterial origin of replication. Four showed no defects in replication but consistently formed pale blue colonies upon growth on X-gal medium indicating that there are other mutations in the plasmid influencing expression of the lacZ sequence. Therefore our selection of mutant colonies was very efficient. Sequencing of 5 of the re-arranged plasmids revealed multiple insertions or deletions of more than 20 base pairs. Also observed with replicated plasmids recovered from undamaged templates, with a wild-type BamHI restriction pattern, were single insertions/deletions of Ͻ50-bp undetectable by agarose gel electrophoresis. Considering our sequencing and BamHI restriction digest results, mutations generated from undamaged templates are due to insertions, deletions, or rearrangements; none of the mutant plasmids generated from a non-damaged template contained a point mutation. On damaged templates base substitution mutations are in the majority, however rearrangements are responsible for ϳ20 -40% of the total mutant plasmids depending on the genetic background. Fig. 1b . For each cell type lanes 1 and 2 represent samples that had no E1/E2 co-transfected; therefore, there is no pOri16Lac replication. Lanes 3 and 4 represent samples that have had E1 and E2 expression plasmids co-transfected; therefore, pOri16Lac is replicated. Lanes 1 and 3, no UVC irradiation of pOri16Lac; lanes 2 and 4, pOri16Lac was UVC-irradiated prior to transfection. 
Fidelity of HPV16 E1/E2-mediated DNA Replication
Fidelity of HPV16 E1/E2-mediated DNA Replication 52228 DISCUSSION
Insertion of HPV genomes into the host genome is often a step on the road to HPV induced carcinogenesis. This insertion is a result of non-homologous recombination and requires that the HPV genome becomes linear providing a substrate for the insertion into the host genome. The linearization of the viral genome will occur upon damage of the genome either resulting in clear double strand breaks, or following the collapse of stalled replication forks generating double strand breaks. We were interested in measuring the fidelity of DNA replication mediated by HPV E1 and E2 to determine if replication mediated by these two proteins was error prone and therefore might contribute to the production of linear HPV genome molecules in the cell. We monitored the fidelity of E1/E2-mediated DNA replication in a variety of genetic backgrounds. While it is likely that some of the mutations are due to damage of the DNA upon transfection, previous studies have demonstrated that the types of damage observed cannot all be explained due to damage of the DNA during the transfection procedure (33) . Also, previous studies on the detection of mutations generated during SV40 large T DNA replication are reflective of the genetic background in which the assays are carried out (34) .
On a non-damaged template both the mutation frequency and the frequency of rearrangements observed with E1/E2-mediated DNA replication were increased in the cervical carcinoma cell line C33a compared with all of the other cell lines tested (see Table II ). This cell line has previously been shown to have microsatellite instability, implying a replication error phenotype (28) . Microsatellite instability is usually associated with defective mismatch repair, but the cause of the mutator phenotype in C33a cells has not yet been established. However the results we obtained are reflective of the genetic background in which the assays were carried out. The results with the XP30 and XP30 lines confirm that E1/E2-mediated DNA replication, like genomic DNA replication, utilizes pol to bypass UV damage in a relatively error-free manner, as the lack of pol results in an increase in the number of UVinduced mutant plasmids that are rescued. Likewise, in the NER-deficient XP12 cells UV-induced mutation frequency increases more than 200-fold. This demonstrates that most of the mutagenic damage on the transfected plasmids is repaired using NER prior to entrance of the cells into S phase and replication of the damaged template. However, the basal mutation rates are similar in the XP12, XP30, XP30, and MRC5 cell lines suggesting that neither the NER pathway nor pol plays a role in controlling the fidelity of replication of non-damaged DNA.
Another interesting observation in these studies is the presence of the recombinant mutant plasmids that have been replicated. Previous studies with SV40 large T have also observed these recombinant mutants although not in all cases (16) . We therefore carried out replication assays with SV40 large T and observed approximately the same number of background mutants in C33a cells that were again due to recombination (data not shown). Previous results obtained with large T (32) and our results presented here suggest that large T and E1/E2 replicate their DNA with similar fidelity. The recombinant mutants are predominant with the non-damaged template and are significantly increased following replication of the UVC-damaged template. Interestingly, following replication of the UVC damaged template the recombinant mutation frequency is increased significantly more in the XP30, XP12, and C33a cells than in the MRC5 and the XP30. This presumably results from an increase in the number of double strand breaks generated during replication. In the XP12 cells, this results from an increase in the number of lesions being replicated, in the XP30 from a lack of pol and in C33a from an as yet unknown abnormality that results in a mutator phenotype.
We note from Fig. 5a that when the template is damaged the relative number of replicated pOri16Lac rescued into E. coli is less when compared with the replication level quantified using Southern blot. One possible reason for this difference is that there are mutations in the antibiotic resistance gene or bacterial replication origin, but the difference is so large it is unlikely that this could account for all plasmids not recovered. A second reason could be that there is a significant number of dimer or multimeric molecules that have not been decatenated, similar to those observed in HPV lesions (35, 36) , and are therefore not suitable for bacterial transformation. Both these possibilities merit future study.
The question arises of whether the results presented here have relevance to the mode of papillomavirus replication and to the life cycle of HPV in an infected cell. There are several pieces of evidence that demonstrate that this is the case. Studies on BPV1 DNA replication have demonstrated an "onion-skin" type of replication resulting from a new round of replication initiation prior to termination of the previous round (37) . This can potentially result in the formation of double-strand breaks due to replication forks "colliding" with one another resulting in aborted replication of the complete viral genome. Such molecules would be substrates for homologous or non-homologous recombination and therefore could be inserted into the host cell genome. Analysis of HPV genomes in human cancers have also demonstrated that replication by HPV E1 and E2 can result in rearranged HPV genomes. Viral genomes with deletions, insertions, or rearrangements (20, 21, 22, 23, 24) or parts of the viral genome integrated into the cellular genome (23, 24) are commonly found and this is indicative of the instability of viral replication. A study using tonsillar cancer biopsies recently demonstrated that in three from eleven HPV16 episomal DNA positive samples there were episomal viral genomes with deletions, and two of these were coexistent with full-length episomal HPV DNA (24) . Papillomavirus presumably has evolved this replication phenotype because the ability to replicate its genome more than once per cell cycle is essential for efficient virus production during the short infectious cycle in epithelium. However the stability of viral replication in response to environmental carcinogens or chemotherapeutic agents should be targets of future study as exposure to either of these agents may increase viral genome instability, presumably increasing viral integration and therefore increasing the chances of HPV infection leading to cancer. Another consideration is the contribution that the E6 protein may make to the development of HPV cancers. In HPV infected cells the viral genome is replicated in the presence of the E6 protein; this protein interacts with and degrades the tumor suppressor p53 and therefore provides a genetically unstable environment for the replication of DNA (38) . Clearly E1/E2 DNA replication will also have increased instability in the presence of E6 and this may contribute toward integration of the viral genome at this stage of an HPV infection. Integration of the viral genome into the host will result in increased levels of E6 and E7 leading to further increased genetic instability and therefore increased risk of the progression to a carcinoma.
The instability of the HPV replication fork and the great increase in genetic rearrangements when the template is damaged provides a useful system for the analysis of and the study of cellular processes involved in genetic stability. Recombination-mediated replication fork restart, and how HPVs use cellular proteins to rescue unstable "onion skin" replication, are targets of future study.
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